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A magnetized coaxial gun is discharged into a much larger vacuum chamber and the subsequent
evolution of the plasma is observed using high speed cameras and a magnetic probe array.
Photographic results indicate four distinct regimes of operation, labeled I–IV, each possessing
qualitatively different dynamics, with the parameter lgun5m0Igun /Fbias determining the operative
regime. Plasmas produced in Regime II are identified as detached spheromak configurations. Images
depict a donut-like shape, while magnetic data demonstrate that a closed toroidal flux-surface
topology is present. Poloidal flux amplification shows that Taylor relaxation mechanisms are at
work. The spatial and temporal variation of plasma l5m0Jf /Bf indicate that the spheromak is
decaying and expanding in a manner analogous to a self-similar expansion model proposed for
interplanetary magnetic clouds. In Regime III, the plasma is unable to detach from the gun due to
excess bias flux. Analysis of toroidal and poloidal flux as well as the l profile shows that magnetic
flux and helicity are confined within the gun for this regime. © 2000 American Institute of Physics.
@S1070-664X~00!01709-2#I. INTRODUCTION
Taylor’s relaxation model1,2 has been successfully ap-
plied to many fusion related plasmas, especially spheromaks
and reverse field pinches. However, there is substantial evi-
dence suggesting that relaxation concepts apply well beyond
the bounds of the fusion arena. Numerous solar, space, and
astrophysical plasmas exhibit helical force-free magnetic
fields suggestive of minimum energy Taylor equilibria; ex-
amples include interplanetary magnetic clouds,3,4 solar
prominences,5 the earth’s magnetotail,6 and astrophysical
jets.7
The laboratory experiment described in this paper em-
ploys a magnetized coaxial spheromak gun which injects
plasma into a very large stainless steel vacuum vessel. The
large size of the vessel effectively removes the flux-
conserving boundary common to all previous spheromak ex-
periments and so simulates the vacuum boundary typical of
space plasmas.
The aim of this project is to characterize the formation
and evolution of an unconfined spheromak produced by a
coaxial gun. Details of the formation and reconnection pro-
cess are examined in order to determine the extent to which
Taylor relaxation occurs. Departures from the minimum en-
ergy state are quantified and the concepts of helicity conser-
vation, flow, and injection threshold are tested.
The experiment discussed here resembles and extends an
experiment performed nearly four decades ago by Alfve´n,
Lindberg, and Mitlid,8 where plasma generated by a coaxial
gun was found to exhibit interesting helical features and flux
amplification. However, this early effort was undertaken
without the benefit of modern diagnostic techniques, compu-
tational analysis tools, and, most importantly, insight drawn
from the Taylor relaxation model. Furthermore, Alfve´n,
Lindberg, and Mitlid’s device was fired into an insulating
~glass! container, which was only moderately larger than the
a!Electronic mail: pbellan@its.caltech.edu3621070-664X/2000/7(9)/3625/16/$17.00
Downloaded 14 Dec 2005 to 131.215.225.9. Redistribution subject togun, and thus the plasma in their experiment was not permit-
ted to freely expand without interacting with boundaries.
II. APPARATUS AND DIAGNOSTICS
Figure 1 shows the experimental setup. A magnetized
coaxial plasma gun is mounted on the end wall of a larger
cylindrical vacuum chamber. The size of the vacuum cham-
ber provides generous optical access to view the plasma dy-
namics and also avoids plasma–wall interactions, so that
boundary conditions appropriate for a freely expanding
spheromak are achieved.
The inner coaxial gun electrode is a 6.4 cm diam. tanta-
lum sheathed copper tube and the outer electrode is a 16 cm
inner diameter copper tube which is spray-coated with tung-
sten. The gun is powered by a 120 mF ignitron-switched
capacitor bank which was operated in a range of 4–8 kilo-
volts. Bias fluxes Fbias of up to 7 mWb are produced by a
solenoid coil. Vacuum is maintained by a 149 APD Cryogen-
ics cryopump, providing a ’231027 Torr base pressure. A
Varian sorption pump is used for rough pumping of the
chamber from atmosphere. This oil-free vacuum system en-
sures a high level of cleanliness.
All timing trigger signals are provided by a custom-built
programmable, fiberoptic-coupled timing module. The op-
eration sequence of a typical plasma discharge proceeds as
follows: A gas puff valve is triggered 23 ms after the bias
flux bank. The main gun capacitor bank is fired 400 ms af-
terwards. Simultaneously, digitization of the various diag-
nostic wave forms is initiated. Finally, after an adjustable
time delay ~typically 4–25 ms!, a gated Princeton Instru-
ments intensified charge-coupled device ~ICCD! camera is
triggered.
A magnetic probe array was used to measure the local
magnetic field in the plasma. The probe array consists of a
linear array of small magnetic pickup loops. The probe array
is located on a Teflon form, which is threaded into a 0.25
inch outer diameter thin-walled ~0.010 inch! stainless steel5 © 2000 American Institute of Physics
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protective, insulating ceramic tube. The stainless tube is
capped on its end, and serves the dual purposes of maintain-
ing vacuum and providing electrostatic shielding. The
L-shaped magnetic probe arm passes through an O-ring
vacuum seal mounted on a 2.75 inch Conflat flange. The
O-ring seal allows both axial translation and azimuthal rota-
tion. A three-dimensional volume of space can thus be
probed by the array. The axial travel is restricted so that the
probe array cannot be positioned any closer than 10 cm from
the mouth of the gun.
Two coordinate systems will be used in describing loca-
tions in the vacuum chamber. The first is (r ,f ,z), the natural
FIG. 1. Top view of coaxial gun, vacuum chamber, and magnetic probe
diagnostic.
FIG. 2. Side View image sequences with gun parameters: Igun5130 kA,
Fbias50.4 mWb ~Regime I! and Igun5130 kA, Fbias52 mWb ~Regime II!.Downloaded 14 Dec 2005 to 131.215.225.9. Redistribution subject tocylindrical coordinate system of the coaxial gun electrodes.
The axis of this system is coincident with the geometrical
axis of the gun and z is measured from the muzzle of the gun
~end of outer electrode!. The second system is (r8,f8,z8),
the natural cylindrical coordinate system of the magnetic
probe array. The axis is the rotational axis of the probe array,
parallel to the axis of the unprimed system but offset from it.
The axial coordinate z8 is also measured from the same ori-
gin as the unprimed system, so that z85z . ~For example, the
inaccessible entrance region is located at 0,z8,10 cm.!
The f850 direction is defined to point towards the gun axis,
while the f50 direction is defined to point towards the
probe axis.
III. CLASSIFICATION OF OPERATING REGIMES
The camera is a powerful diagnostic tool because it pro-
vides a simple means of obtaining direct information about
the gross structure of the plasma, which may reveal the un-
derlying structure of the magnetic field. In order to charac-
terize gun operation photographically, the gun was operated
over a wide range of parameters. During the course of these
parameter-space surveys, qualitative plasma evolution was
observed to fall into one of four categories, which are re-
ferred to as Regimes I–IV. Sample composite movie se-
quences of these regimes were assembled from multiple
identical plasma shots and are presented in Figs. 2 and 3.
These pictures were taken with the camera positioned to im-
age the plasma from the Side View ~see Fig. 1!. The vacuum
port of the plasma gun is visible as an upright oval at the
right of each image. The muzzle of the gun is located near
this position, and plasma is ejected from the gun across the
field of view, from right to left.
FIG. 3. Side View image sequences with gun parameters: Igun5130 kA,
Fbias56 mWb ~Regime III! and Igun590 kA, Fbias56 mWb ~Regime IV!. AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp
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neous throughout the discharge, exhibiting no fine structure.
The plasma exits the gun as an amorphous blob, as sketched
in Fig. 4. The gun parameters are Igun5130 kA and Fbias
50.4 mWb for this case, corresponding to a nearly unmag-
netized discharge, so that little helicity content is present and
the applied bias field does not impede the plasma. ~In this
case, the bias flux is provided by residual magnetization in
the iron magnetic circuit.!
In Regime II ~Fig. 2!, the plasma emerges with a spheri-
cal shape which further expands over time. The well-defined
left edge is especially bright and sporadically contains fila-
mentary structure. The general appearance is sketched in Fig.
4. Here, the gun parameters are Igun5130 kA and Fbias52
mWb. Evidence will be presented later showing that a
spheromak-like state is generated in this regime.
In sharp contrast to the other regimes, the plasma in
Regime III ~Fig. 3! contains a wealth of fine structure. Of
particular interest are the distinct central column ~twisted!
and helical outer loops. These features evolve through a se-
quence of stages and Fig. 4 sketches the appearance of the
plasma for this regime. The gun is operated at Igun5130 kA
and Fbias56 mWb for these images. Analysis of magnetic
data presented below will show that, in this regime, the
plasma is unable to detach from the gun due to excess bias
flux.
Finally, in Regime IV ~Fig. 3!, the plasma emerges very
slowly from the gun and decays away at the mouth of the
FIG. 4. Representative sketch of plasma dynamics in the four Regimes.Downloaded 14 Dec 2005 to 131.215.225.9. Redistribution subject togun. The high bias flux dominates plasma dynamics and con-
fines the plasma, as sketched in Fig. 4. The gun parameters
in this regime are Igun590 kA and Fbias56 mWb.
A key parameter governing the behavior of a spheromak
gun is lgun5m0Igun /Fbias . The boundaries of the four re-
gimes were found to be associated with the gun current and
bias flux parameters. This dependence is shown in Fig. 5.
Each point corresponds to a series of photos, and gives a
subjective determination of the appropriate regime classifi-
cation. Approximate lgun boundaries between regimes are
also shown.
IV. REGIME II: EXPERIMENTAL DATA
Regimes I and IV correspond to less interesting extreme
cases where the plasma is either unaffected by, or dominated
by the bias flux. On the other hand, the plasmas in Regimes
II and III exhibit helical structure expected to be associated
with magnetic helicity. For this reason, in the remainder of
this paper we focus on Regimes II and III. In this section,
data obtained in Regime II is discussed.
A. Current and voltage characteristics
The current and voltage wave forms with the gun oper-
ated with nominal settings in Regime II (Igun5130 kA,
Fbias52 mWb! are displayed in Fig. 6. The gun bank igni-
tron switch breaks down and enters conduction mode at t
51 ms, followed by plasma breakdown ;0.3 ms afterwards.
The plasma behaves as a primarily reactive load so that the
circuit exhibits underdamped oscillations. The current rises
to its peak value of 130 kA at 6.5 ms and reverses polarity at
14.5 ms. Since the helicity injection rate is 2FV where V is
the voltage across the electrodes,9 helicity injection termi-
nates when the voltage reverses polarity at 9.5 ms, and after
this time one might expect that helicity is extracted from the
plasma volume. However, direct measurements of plasma
current described below suggest that this model is exces-
FIG. 5. Survey of Regime classification vs gun current and bias flux.
Dashed lines indicate l5160, 42, and 22 m21. AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp
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flux ~e.g., Regime III! cases where the plasma remains at-
tached to the gun, plasma current polarity reversal does not
occur upon gun current polarity reversal. This implies the
presence of residual plasma which short-circuits the gun and
may reduce the period of helicity injection.
B. End-on camera images
In addition to the Side-View pictures presented earlier,
information can also be extracted from images taken from
the End-On View, shown in Fig. 7. These images take the
form of a ring encircling the geometric axis of the gun. The
ring first appears at 11 ms and gradually expands in diameter.
A significant amount of irreproducibility is exhibited in
these pictures. In the End-On Views, some images show fila-
ments of material emerging from the central electrode and
twisting counter-clockwise around the geometric axis. Some
images show multiple strands encircling the axis. In some
images, the ring of material is not well centered on the axis.
Nevertheless, a clear ring-shaped structure is always visible
emerging from the gun.
Correlation of the Side View and End-On View images
provides evidence of plasma encircling the gun geometric
axis. It is not clear from these images whether a distinct
spheromak possessing the characteristic nested toroidal flux
surface magnetic topology is in fact ejected. In order to ob-
tain direct and quantitative information about the magnetic
structure of the plasma, the magnetic probe array was used.
C. Magnetic traces
A sample of data obtained using the probe array is
shown in Fig. 8 for a shot taken with nominal gun param-
eters. For this data, the probe was positioned at z530 cm
FIG. 6. Sample gun current and voltage traces for gun operation at the
nominal settings in Regime II.Downloaded 14 Dec 2005 to 131.215.225.9. Redistribution subject toand rotated so that it lay in a gun poloidal plane (f5f8
50). For each magnetic field direction, the time dependence
is measured at 12 radial arm locations.
Most of the magnetic activity takes place between t
512 ms and t520 ms. During this time period, Bf is typi-
cally unipolar and positive, while Bz is negative near the axis
and positive further away from the axis. Br oscillates through
;1.5 cycles. This behavior will be shown below to be con-
sistent with a spheromak configuration.
A smaller secondary event occurs at t528– 35 ms, and is
likely associated with an additional plasma ejection produced
by the negative gun current peak at t.20.5 ms ~see Fig. 6!.
We will restrict discussion to the primary event at t
512– 20 ms.
Magnetic probe data was obtained at a variety of axial
and azimuthal positions. Compiling data from multiple shots
in order to develop a complete picture of magnetic configu-
ration proved unfeasible due to shot-to-shot irreproducibility.
Although shots with identical gun parameters generated
qualitatively similar magnetic wave forms, characteristics
such as magnitudes and time offsets were often inconsistent.
A propagation-based technique was developed in order to
overcome this problem.
V. PROPAGATION INFERENCE TECHNIQUE
A. Propagation rate
The propagation of the expanding front of the ejected
plasma is shown in Fig. 9. As the axial position of the mag-
FIG. 7. Selected End-On views with gun operated at nominal settings in
Regime II. AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp
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50), the time at which magnetic field is first detected
changes. In this plot, this time is determined from the instant
at which the f component of the field at radial position r
57.6 cm exceeds an arbitrary threshold value of 100 Gauss,
and is represented by an asterisk. ~The arbitrary level was
FIG. 8. Sample magnetic probe data with gun operated at nominal settings
in Regime II. Magnetic probe is positioned at z530 cm, f50. Top four
plots show Br at four radial positions; bottom four plots show Bf .
FIG. 9. Position of the expanding plasma front vs time. Data points corre-
spond to magnetic data. Dashed line shows propagation of optical image.Downloaded 14 Dec 2005 to 131.215.225.9. Redistribution subject tochosen to be significantly above the noise level, but well
below the peak values of up to 1.5 kG.! A linear regression
of these data points produces a propagation speed of 8.6
cm/ms and fits the data remarkably well.
An alternative method of calculating the propagation
speed is based on the first positive to negative transition in
Br ~cf. Fig. 8!. As will be seen below, this reversal point is
associated with the magnetic axis of the spheromak. The
times at which the Br probe measurement at r57.6 cm re-
verse sign are indicated by squares. Linear regression yields
a slope of 8 cm/ms, but fits the data less well than the previ-
ous calculation. For reference, a camera-based propagation
rate is represented by a dashed line in the plot.
B. Propagation inferred data
In the following, we make the conjecture that the mag-
netic field structure remains fixed in the plasma and is
merely convected along at the propagation rate in the z di-
rection. This property is suggested by the qualitative consis-
tency of magnetic wave forms at varying axial probe posi-
tions. This conjecture provides a powerful means for
examining the magnetic configuration using only one dis-
charge. The z-dependence of B is entirely inferred from the
time dependence of the wave forms.
The conjecture is applied to magnetic data as follows:
The magnetic field measured by the probe at position zprobe is
B(r ,zprobe ,t). If convection at a speed vprop is assumed, then
the time-dependent field measured at an arbitrary point is
B~r ,z ,t !5B~r ,zprobe ,t2~z2zprobe!/vprop!, ~1!
FIG. 10. Sketch of the SSPI method. AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp
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probe.
This Single Shot Propagation Inference ~SSPI! method is
shown schematically in Fig. 10. The donut-shaped sphero-
mak travels from right to left through the stationary magnetic
probe array. The signal detected by a Br probe at one probe
position ~which is aligned with the magnetic axis of the
spheromak! is shown versus time. It is also evident from this
plot that the positive to negative transition of Br is associated
with the passage of the magnetic axis. For probe locations
near the gun, z<30 cm, 1.5 cycles of Br are observed ~e.g.,
Fig. 8!; the trailing 0.5 cycle indicates that some magnetic
flux remains attached to the gun.
Figure 11 shows a magnetic field plot constructed based
on the above technique from the magnetic data presented in
Fig. 8 ~with the probe positioned at z530 cm and f50). In
this gun coordinate poloidal slice, the poloidal field vectors
are shown in the lower plot and the toroidal field appears as
a contour plot in the upper plot. The coaxial gun electrode
system is shown schematically, with the gun vertical ~but not
horizontal! dimension to scale. The actual probe position is
indicated by an arrow on the horizontal axis. It is important
to note that the magnetic field has been measured only at this
point in space. Data to the left ~increasing z) of this location
correspond to data taken at earlier times in the discharge
~relative to t512 ms! and data to the right correspond to data
taken at later times. Thus, the data is exact at the probe
location and may be expected to increasingly become anDownloaded 14 Dec 2005 to 131.215.225.9. Redistribution subject toapproximation away from this location ~a propagation rate of
8 cm/ms was used in this calculation!.
Using this SSPI technique, the spheromak configuration
becomes immediately obvious. The vortex-like swirl pattern
in the poloidal direction combined with the peak of negative
polarity in the toroidal field are clearly consistent with the
spheromak magnetic topology. Within the context of this
propagation viewpoint, there is a close connection between
the positive to negative transition in Br and the location of
the magnetic axis. Trailing behind the spheromak, an
X-point is also clearly visible, indicating that the reconnec-
tion region arrives at z530 cm approximately 1.5 ms later.
C. Consistency check
The validity of the SSPI technique may be tested by
comparing the fields inferred from several different shots
fired with the probe located at different axial positions. This
self-consistency check is shown in Fig. 12 for t512 ms.
Ideally, the inferred field structure would be independent of
probe location. Instead, the plots are qualitatively similar, but
exhibit some distinguishing characteristics. The vortex pat-
tern detected when the probe is at z510 cm seems to be less
well-formed and smaller than when the probe is at z540 cm.
This behavior is consistent with expansion and possible re-
laxation of the spheromak. The X-point reconnection region
also seems to disappear when the probe is at z.20 cm, in-
dicating that the X-point does not propagate beyond ;20FIG. 11. SSPI magnetic data. Top plot is contour plot of Bf . Bottom plot is a vector field plot of Br ,Bz . Maximum vector length corresponds to the peak
value ~477 Gauss!. The arrow on the horizontal axis ~30 cm! indicates the actual position of the magnetic probe. AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp
3631Phys. Plasmas, Vol. 7, No. 9, September 2000 Taylor relaxation and l decay of unbounded . . .FIG. 12. Consistency check: Several SSPI field plots from data taken at differing probe locations for t512 ms.cm. Also evident from the figure is a gradual reduction in
peak field magnitude at increasing distances from the gun.
With these caveats, it is clear that this technique provides a
good picture of field structure. This test also supports the
calculated value for the propagation rate ~8 cm/ms!.Downloaded 14 Dec 2005 to 131.215.225.9. Redistribution subject toD. Reproducibility
It is interesting to examine the shot-to-shot irreproduc-
ibility using the SSPI technique. Figure 13 shows SSPI mea-
surements of several different shots having the same gun AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp
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field plots, it is apparent that the magnetic fields are qualita-
tively similar, with each exhibiting a clear spheromak poloi-
dal vortex pattern. However, the field magnitude, uniformity,Downloaded 14 Dec 2005 to 131.215.225.9. Redistribution subject toradial position, and axial position ~the latter corresponding to
a time offset! vary from shot to shot. The peak field magni-
tude and radial position are the most consistent, varying by
5%–10% typically. The axial position exhibits an uncer- AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp
3633Phys. Plasmas, Vol. 7, No. 9, September 2000 Taylor relaxation and l decay of unbounded . . .tainty of ;5 cm ~or 0.6 ms!. The field uniformity across the
spheromak varies significantly from shot to shot, particularly
in the radial direction. The radial field is in some cases
higher in amplitude at the leading or trailing edges of the
spheromak, whereas in other cases it is more uniformly dis-
tributed across the spheromak. In the former cases, this may
be an indication of incomplete relaxation.
Reproducibility is also a factor with regards to the recon-
nection region. Although the X-point is always visible with
data taken at probe positions of zprobe<20 cm, reconnection
is intermittently visible for zprobe530 cm. For example, this
variability is apparent in comparing the vector field plots in
Fig. 11 with the corresponding plot in Fig. 12 ~also at
zprobe530 cm!. The substantial irreproducibility observed in
the details of reconnection is not surprising and is likely due
to the complex nature of the reconnection process.
E. Discussion
The SSPI method relies on three properties of the plasma
behavior. First, a uniform propagation speed is assumed; sec-
ond, the plasma is taken to be nearly force-free, so that dra-
matic changes in field structure are not expected; and third,
the general expansion of the plasma is assumed to be small
during the measurement interval. The SSPI provides a pow-
erful means of gaining information about the magnetic topol-
ogy from a single discharge.
It should be noted that the SSPI method resembles a
technique used for measuring force-free magnetic fields in
space plasmas. Burlaga3 analyzed data from an earth-orbiting
spacecraft in order to characterize the field of interplanetary
magnetic clouds. In Burlaga’s case, a single magnetic probe
is located on the spacecraft while the huge magnetic cloud
propagates by it. Burlaga was able to successfully fit the data
to a simple Lundquist10 model @Bu5B J1(lr), Bz
5B J0(lr), and l uniform#. A key difference in our experi-
ment is the availability of measurements at 12 positions
transverse to the direction of motion of the plasma, allowing
reconstruction of a plane of magnetic data rather than simply
a single line.
VI. FLUX AMPLIFICATION
In the coaxial gun formation method, helicity injection is
achieved by driving poloidal current through the plasma, a
process which can also be viewed as injection of toroidal
flux to link pre-existing poloidal flux. This high helicity-
content plasma should then relax into a Taylor equilibrium.
The total injected toroidal flux is typically substantially
greater than the poloidal flux,11 whereas spheromak states
contain comparable toroidal and poloidal fluxes. Thus, Tay-
lor relaxation entails flux conversion which in this case of
toroidal-flux rich injection would involve poloidal flux am-
plification accompanied by toroidal flux depletion. Indeed,
this feature was first noted by Lindberg and Jacobsen12 and
provides evidence of relaxation.
The camera and magnetic data in the previous section
showed that the plasma in Regime II is qualitatively consis-
tent with a spheromak configuration. This section presents
evidence demonstrating that poloidal flux amplification, andDownloaded 14 Dec 2005 to 131.215.225.9. Redistribution subject tothus Taylor relaxation, is taking place. That flux amplifica-
tion is expected to occur in the present experiment can be
shown as follows: With the gun operated under nominal set-
tings in Regime II, the net toroidal injected flux can be found
by time integrating the gun voltage ~cf. Fig. 6! F tor
5*0
t Vgun dt . This calculation produces a net injected toroidal
flux of 11 mWb at the end of helicity injection ~9.5 ms!, in
comparison to the applied poloidal flux of 2 mWb.
A. Poloidal flux calculation
The poloidal flux function C is defined for an axisym-
metric system as the net flux penetrating a circle of radius r
centered on the geometric axis and at axial position z
C~r ,z !5E
0
r
2pr8Bz~r8,z ! dr8. ~2!
The integration given in Eq. ~2! can be straightforwardly
applied to the magnetic data if the Single Shot Propagation
Inference ~SSPI! technique discussed in the previous section
is used to convert the time coordinate into z dependence. A
sample calculation of the estimated poloidal flux function is
presented in Fig. 14~a!, corresponding to the magnetic data
from the plasma discharge shown earlier in Fig. 8 ~note:
tmagnetic_axis in Fig. 14~a! refers to the time at which the
spheromak magnetic axis reaches the probe location!. A con-
stant is added to the integral to ensure that C(r5rmax ,z)
50. It can be seen from Fig. 14~a! that C(r ,z) does not
vanish at the geometric axis ~i.e., at r50) as would be ex-
pected; this is likely due to an offset in the device symmetry
axis relative to the geometric axis. Unlike a fixed-boundary
Taylor state, the expanding spheromak may be sensitive to
the initial ~i.e., formation! conditions, which may not be
purely axisymmetric.
The location of maximum poloidal flux occurs at the
spheromak magnetic axis. In this example, the peak value is
approximately 4 mWb, or about twice the applied poloidal
flux of 2 mWb. This amount of flux amplification is beyond
what can be accounted for by uncertainties in the measure-
ments or flux calculations, and constitutes strong evidence
for Taylor relaxation in the form of reconnection. At axial
locations 10–20 cm in front of or behind the magnetic axis
~or equivalently, the peak of the poloidal flux!, the flux func-
tion drops off dramatically. This is an indication of magnetic
detachment from the gun.
It is also interesting to consider the poloidal flux time
dependence. By calculating the maximum poloidal flux at
various probe positions, the time evolution of a spheromak’s
poloidal flux can be examined. The result of such an analysis
is shown in Fig. 14~b!. Each point corresponds to 3–5
plasma shots taken with the magnetic probe located at a fixed
axial position. The mean value of the maximum poloidal flux
is shown, and the standard deviation of each calculation is
indicated by the error bars. From this plot, it is evident that
the poloidal flux rises from 2 mWb up to 4 mWb in the
region 0,z,30 cm, at which point it reaches a plateau. This
region also comprises the interval in which X-point recon-
nection is taking place. The obvious interpretation is that
poloidal flux amplification continues to occur during the AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp
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detachment is completed. Poloidal flux then achieves an
equilibrium value and is thereafter conserved.
B. Toroidal flux calculation
The net toroidal flux contained within the spheromak can
be defined as
F tor5E
0
zmax
dzE
0
rmax
dr Bf . ~3!
Calculation of this quantity presents some difficulty in the
present situation because the field is only accurately known
over a limited axial range in the vicinity of the probe. It is
therefore necessary to restrict the integration area to a region
encompassing the spheromak itself. For this reason, the inte-
gration area is defined as locations on the (r ,z) plane at
which the toroidal magnetic field is greater than one half of
its maximum value. This definition is essentially a Full
Width at Half Maximum ~FWHM! in two dimensions and as
an example, the resultant region is highlighted in Fig. 15~a!.
FIG. 14. ~a! Calculated poloidal flux surface. ~b! Maximum poloidal flux at
sequence of probe positions.Downloaded 14 Dec 2005 to 131.215.225.9. Redistribution subject toFrom this plot, it is apparent that the area is approximately
equivalent to the area qualitatively encompassed by the vor-
tex structure in the poloidal directions. However, the FWHM
area appears to lag somewhat behind the vortex.
The result of this calculation at various probe positions
is presented in Fig. 15~b!. Again, each point corresponds to
3–5 plasma shots, and the error bars indicate the standard
deviation. The toroidal flux decays from ;11 mWb down to
8 mWb at z530 cm, where it plateaus until a possible further
dip at z560 cm. Note that the reduction in toroidal flux
occurs in the same interval over which the poloidal flux was
observed to rise earlier. This behavior is consistent with the
notion of a toroidal to poloidal conversion during the relax-
ation process.
In most spheromaks, the ratio of poloidal flux to toroidal
flux is of order unity. In the present case, a ratio of 1:2 is
observed in the plateau region: 30,z,60 cm.
C. Discussion
The calculations of the poloidal and toroidal flux above
lend credence to the hypothesis of spheromak creation. A
significant (23) poloidal flux amplification effect has been
observed, indicating that ~i! Taylor relaxation is occurring
and ~ii! closed flux surfaces have been produced. The poloi-
dal flux amplification approximately coincides with a corre-
sponding drop in toroidal flux, as would be expected from
the flux conversion principle.
The amount of amplification is somewhat less than the
factor of five typically observed in earlier experiments; e.g.,
Ref. 13. However, the earlier experiments involved flux-
conserver boundaries, which may influence the amplification
process. Furthermore, reconnection is observed at probe po-
sitions as far out as z530 cm, indicating that when the
spheromak reaches this point, some closed field lines con-
tinue to be present. However, during this period the gun
voltage is negative, possibly causing helicity to be extracted
from the spheromak, thereby reducing the amplification fac-
tor.
The amplification occurs mainly within 3 gun radii ~30
cm! from the mouth of the gun, corresponding to 3.5–4 ms of
propagation time; a closed flux surface topology is observed
through most of this propagation distance. This observation,
coupled with the fact that the gun is no longer injecting
helicity during this period indicates that the flux amplifica-
tion must be produced entirely by relaxation ~and not, e.g.,
helicity injection!. Thus, it is natural to associate this time
interval with the relaxation time, i.e., t relax’3.5– 4 ms.
VII. MEASUREMENT OF LAMBDA
Taylor’s theory1 predicts that an isolated plasma with
finite helicity contained within flux conserving walls will
relax into a force free state „3B˜lB having l uniform
throughout the volume. When such an equilibrium is at-
tained, the plasma is in a minimum energy state for the given
helicity.
Taylor’s theory has been applied with considerable suc-
cess to a wide variety of situations. However, it must be
stressed that Taylor’s theory assumes a fully relaxed plasma AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp
3635Phys. Plasmas, Vol. 7, No. 9, September 2000 Taylor relaxation and l decay of unbounded . . .FIG. 15. ~a! FWHM poloidal area in which toroidal flux is integrated. ~b! Calculated toroidal flux ~integrated within FWHM area! at sequence of probe
positions.and an essentially static environment. In real systems, the
plasma may be influenced by the boundary conditions, helic-
ity may not be perfectly conserved, and external sources may
inject helicity. Any of these factors would compete with the
mechanisms of Taylor relaxation and drive the plasma away
from the minimum energy state. This section examines the
extent to which the magnetic field structure in our experi-
ment departs from a Taylor state, as evidenced by non-
uniform l .
A. Gradients in l and helicity flow
In analyzing magnetic configurations which differ from
the minimum energy state, it is useful to consider the general
class of plasmas which are in force-free equilibrium, but are
not Taylor states. Taking the divergence of the force freeDownloaded 14 Dec 2005 to 131.215.225.9. Redistribution subject torelation „3B5lB shows that all force-free plasmas must
satisfy the condition B„l50; i.e., l must be constant on a
field line or, if there are flux surfaces, on a flux surface.
Thus, for the general force-free plasma with poloidal flux
surfaces, l may be written as l5l(c), where c is the po-
loidal flux function.
B. Results
The toroidal component of the current density in cylin-
drical coordinates is
Jf5
1
m0
~„3B!f5
1
m0
S ]Br]z 2 ]Bz]r D . ~4!
Evaluation of ]Br /]z and ]Bz /]r is obtained in a poloidal AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp
3636 Phys. Plasmas, Vol. 7, No. 9, September 2000 J. Yee and P. M. BellanFIG. 16. Contour plots of calculated ~a! toroidal current density and ~b! l . In both computations, SSPI method is used with magnetic probe located at z
540 cm and t514 ms.plane employing the SSPI method, enabling the toroidal
component of the current density to be calculated from a
single plasma discharge.
1. Spatial variation of l
Figure 16~a! shows a contour plot of Jf in a poloidal
cross section, calculated as described in the previous section.
The magnetic probe was at f50, z540 cm as indicated by
the arrow in the horizontal axis. Note that the Bf contours
are similar to the Jf contours as expected for a force-free
configuration.
l can thus be quantitatively determined using l
5m0Jf /Bf . ~This is similar to l calculations made from
magnetograms of the solar surface.14! Contours of calculated
l are shown in Fig. 16~b!. It should be noted that, as uBfu
→0, uncertainties in l grow without bound. For this reason
l is set to zero at points where Bf is less than 3% of its
maximum value. Typically, Jf is also small at these loca-
tions, so this should not significantly affect the results.
The dashed lines (z540 cm, r52.5 cm! intersect at the
peak value of l of 28 m21. Figure 17 shows an enlarged
view near this region, as well as the radial and spatial profiles
at z540 cm and r52.5 cm, respectively. It is apparent that l
assumes a centrally peaked distribution with FWHM of ;5
cm. This centrally peaked l profile is consistent with a de-
caying spheromak.Downloaded 14 Dec 2005 to 131.215.225.9. Redistribution subject toFIG. 17. ~a! Closeup view of contour plot of l . ~b! Radial and axial profiles
of l , at z540 cm and r52.5 cm, respectively. AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp
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The time dependence of the l profile can be inferred
from SSPI measurements at a sequence of axial locations.
The data from such a scan is shown in Fig. 18. Each trace
corresponds to the radial distribution of l at the magnetic
axis ~defined as the z location with maximum l). The spatial
resolution of the calculation is limited by the magnetic probe
array spacing; i.e., 2.5 cm.
Two features are immediately evident. First, there is a
definite broadening of l(r) at increasing distances from the
gun. The FWHM increases from ’4 cm at z510 cm to ’8
cm at z560 cm. ~This range in axial positions corresponds to
a time interval of about 6 ms.!
Secondly, the peak values of l decrease with increasing
z. This behavior is depicted in greater detail in Fig. 19~a!.
Each data point is obtained by averaging 3–5 shots at that
axial location, and the variation in the values is indicated by
the error bars. l decays from ;55 down to ;25 m21 as the
plasma propagates away from the gun.
C. Discussion
It is evident from the plots in Fig. 18 that the spheromak
exhibits roughly the same qualitative l profile regardless of
probe axial location. l is always peaked near the magnetic
axis and decreases monotonically away from the axis. This
type of l gradient is consistent with that observed by Knox
et al.15 during the decaying portion of the Compact Torus
Experiment ~CTX! spheromak.
Notably absent from any of these plots is an example of
l peaking at the gun, which would be expected during
spheromak sustainment. This nonobservation of hollow l
FIG. 18. Radial l profiles at axial sequence of probe locations.Downloaded 14 Dec 2005 to 131.215.225.9. Redistribution subject toprofiles is likely due to early detachment from the gun. When
the magnetic probe is situated closest to the gun (z510 cm!,
the spheromak magnetic axis arrives at the probe at t510
ms. This is after the end of the sustainment ~i.e., helicity
injection! phase of the discharge ~cf. Fig. 6! at 9.5 ms.
In conventional spheromak experiments the plasma is
injected into a flux-conserver and allowed to relax into an
eigenstate prescribed by the flux conserver dimensions, so
that l→lgeom , where lgeom is the characteristic spatial di-
mension of the flux conserver. The distinguishing feature of
the free expansion spheromak experiment discussed here is
that the plasma never attains the true minimum energy state
since this would entail filling the entire vacuum chamber.
Thus, there is no predetermined lgeom value and the system
scale length is simply the size of the expanding plasma. The
results presented in the previous section indicate that the
plasma l falls quickly from the gun value lgun
5m0Igun /Fbias582 m21 down to l555 m21 at z510 cm.
This l decay is not a result of helicity dissipation be-
FIG. 19. ~a! Peak values of l vs probe position. The solid curve represents
a fit of the data to a self-similar expansion model. ~b! Major radius of
spheromak, as estimated from l profiles. AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp
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pansion. One expects that the unbounded plasma and its em-
bedded magnetic field would expand in a purely self-similar
manner. In this simple prescription, the plasma would remain
in a force-free state throughout the expansion. However, l
would scale inversely with the system scale length; i.e., if the
system doubles in size, l would fall to half its initial value.
In order to test whether this phenomenon is occurring here, it
is first necessary to determine the spheromak size.
Figure 19~b! shows a linear regression analysis of the
plasma major radius, as estimated from the magnetic axis
location; i.e., the peak of the radial l profile ~cf. Fig. 18!.
Figure 19~b! indicates a uniform expansion rate. Assuming a
self-similar expansion model
l5
k
rmajor
, ~5!
with k an undetermined parameter, and performing a least-
squares fit to the data in Fig. 19~a! gives k51.3. With this
value for k, the self-similar expansion model’s predictions
for l values are represented in Fig. 19~a! by the solid curve.
The fit is rather good, suggesting that the l decay is
fully accounted for by plasma expansion, rather than helicity
decay. This implies there is no significant helicity decay dur-
ing the duration of these measurements. This would also im-
ply that the resistive decay time t res@7 ms, since helicity
should decay on a resistive time scale.
D. Relation to magnetic clouds
Interplanetary magnetic clouds are regions within the so-
lar wind with enhanced magnetic-field strength and a dis-
tinctly helical magnetic-field topology. The self-similar ex-
pansion described in the preceding discussion bear a striking
resemblance to recent models of magnetic clouds.16 Rust and
Kumar17 have proposed that magnetic clouds are associated
with erupting solar prominences, which themselves have
been shown to contain magnetic helicity and exhibit force-
free properties.18–21
In a recent magnetic cloud model proposed by Kumar
and Rust,16 the magnetic cloud is modeled as a large aspect
ratio torus in a uniform l force-free state. The field is de-
scribed by the Lundquist solution within the plasma and the
dipolar field of a current-carrying ring outside. Because of
the toroidal current, a hoop force is generated in the radially
outward direction, causing the structure to expand self-
similarly. The model predicts a constant ~rather than accel-
erating! rate of growth in both major and minor radii of the
cloud. This behavior is borne out in observations.22 Using an
argument similar to that presented in Sec. VII C above, this
expansion is accompanied by a reduction in l . Since the
total magnetic helicity K is conserved, and l is proportional
to the ratio W/K , the net magnetic energy W must decay at
the same rate as l; i.e., Taylor relaxation requires magnetic
energy dissipation as a result of the expansion. This dissi-
pated magnetic energy will heat the magnetic cloud, a pre-
diction consistent with observed high cloud temperatures.
This prediction appears to conflict with the traditional ther-
modynamic concept of adiabatic cooling due to expansion.Downloaded 14 Dec 2005 to 131.215.225.9. Redistribution subject toIn fact, both magnetic heating and adiabatic cooling are ex-
pected to occur, but heating will dominate for low b plas-
mas.
Heating due to magnetic energy dissipation has previ-
ously been observed by Jarboe et al.23 on the CTX sphero-
mak. This effect was found to heat the plasma up to 100 eV.
However, the phenomenon producing the heating in that ex-
periment was simple resistive decay. Both W and K decayed
in amplitude while l remained constant.
VIII. REGIME III: OPERATION WITH HIGH BIAS FLUX
Based on the camera images, and the lgun threshold di-
viding parameter space, it is natural to suspect that no closed
flux surfaces are formed in Regime III and instead all field
lines in the plasma begin and end at the gun electrodes.
For Regime III, an extensive scan was performed with
the magnetic probe positioned in the ranges 10 cm ,z,60
cm and 230°,f8,30° ~in probe and not gun coordinates!,
with increments of Dz55 cm, Df856°. Unlike Regime II,
a high degree of reproducibility was achieved so that the
SSPI method was not needed in Regime III.
Confirmation that a spheromak is not formed is provided
by calculations of poloidal and toroidal fluxes. Computation
of the poloidal flux must be performed in a manner different
from the method described in Sec. VI because there is no
magnetic axis to define the plane of integration. Instead, the
net poloidal flux through an arbitrary z5const. plane is
found by numerically calculating the surface integral
Cpol~z0!5E
z5z0
Bz dA2 , ~6!
where dA2 indicates that only negative polarity Bz regions
are included. ~In principle, either positive or negative polari-
ties can be counted, but not both. Negative polarity corre-
sponds to the central column region.! Because only half the
plane is diagnosed in the magnetic probe scan (x.0), ap-
proximate bilateral symmetry is assumed and the computed
half-plane surface integral is doubled. This constitutes a
somewhat less restrictive assumption than the axisymmetry
assumed above for the Regime II analysis.
Figure 20~a! shows a plot of the time dependence of the
maximum value of the poloidal flux; i.e., at each time the
flux is computed for all values of z and the maximum is
shown. This maximum value is generally found near the gun
muzzle (z510 cm!. The curve peaks at 2 mWb at 16 ms.
Comparison with the applied 6 mWb bias flux shows that no
flux amplification is taking place. This indicates that most of
the poloidal flux does not distend out of the gun sufficiently
to penetrate the z510 cm plane; i.e., one gun radius away.
A plot of the time dependence of the total toroidal flux is
shown in Fig. 20~b!. In this case, the flux is computed by
integrating Bf over the entire surface of the natural poloidal
plane (f50). This curve exhibits a similar time dependence
to the poloidal flux and peaks at about 2.7 mWb. Compari-
son with the toroidal flux measured in Regime II suggests
that most of the poloidal current ~which generates the toroi-
dal flux! is trapped within the gun. AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp
3639Phys. Plasmas, Vol. 7, No. 9, September 2000 Taylor relaxation and l decay of unbounded . . .FIG. 20. ~a! Maximum value of the poloidal flux in Regime III. Poloidal flux is computed from volumetric B-probe scan data over all z planes; maximum
value is shown. ~b! Net toroidal flux vs time, computed using B-probe scan data, from the surface integral of Bf over the poloidal plane f50. ~c! A contour
plot of l at t513 ms, in the poloidal plane f50, as computed from the magnetic probe scan data.Finally, a calculation of the l profile is useful for deter-
mining the direction and magnitude of helicity flow. Figure
20~c! shows a contour plot of l in the natural poloidal plane
at t513 ms. This shows that, unlike Regime II, there is no
local l maximum propagating away from the gun. Instead, l
monotonically decreases from the gun. At t513 ms, the
maximum magnitude of l is 36 m21, in comparison to
lgun5245 m21. Thus, there is an extreme gradient in l at
the mouth of the gun, providing confirmation that the major-
ity of the helicity is locked up within the gun.
IX. SUMMARY
Four distinct operational regimes were identified and
correlated with lgun values.
Data obtained with the gun operating in Regime II was
consistent with the hypothesis of Taylor relaxation into an
axisymmetric spheromak state. Magnetic data shows a strik-
ing vortex-like poloidal magnetic pattern showing that the
plasma possesses the closed flux surface topology character-
istic of an axisymmetric spheromak. Centrally peaked l pro-
files were observed, indicating that helicity flows from the
magnetic axis; i.e., the spheromak is decaying. A broadening
of the l profile with time implies expansion in the charac-
teristic linear dimension. Analysis of the time dependence of
the peak values of l suggests that a self-similar expansion
model reasonably explains the l decay. The general charac-
teristics of the expanding spheromak are similar to observa-
tions and models of magnetic clouds.
Photos and magnetic-field measurements in Regime III
show that detachment of a configuration with closed mag-
netic topology does not occur. Analysis of poloidal flux, to-Downloaded 14 Dec 2005 to 131.215.225.9. Redistribution subject toroidal flux, and l profiles indicate that the bulk of the mag-
netic flux and helicity do not emerge from the gun in Regime
III because of excess bias flux; i.e., the plasma is unable to
break off from the gun.
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